BMI, body mass index; hs-CRP, high-sensitivity C-reactive protein; CVD, cardiovascular disease; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; OC, oral contraceptive; PWC 170 , physical working capacity at a heart rate of 170 beats per minute. and metabolic measures recorded. The association between smoking status and logtransformed hs-CRP was analysed using multivariable tobit linear regression models, with adjustment for adiposity, lifestyle, and early-life confounders. A three-level variable (girls not using OC, girls using OC, and boys) was employed to assess the interactive effects of sex, OC use, and smoking. Smoking associated with higher hs-CRP levels in girls not using OC (b=0.571; p=0.001), but not in girls using OC (b= -0.117; p=0.598) or in boys (b=0.183; p=0.2). OC use in non-smoking girls was the strongest factor associated with higher hs-CRP levels (b=1.189; p<0.001). This study has demonstrated a more robust effect of smoking on hs-CRP levels in girls not using OC, compared with boys. The findings may explain why cardiovascular disease risk conferred by smoking is higher in women than in men.
Introduction
Atherosclerosis, the primary underlying pathological process that eventually leads to ischemic heart disease, begins early in life, and is influenced by potentially modifiable behavioural and lifestyle factors over the life course. Inflammation is a major component of atherosclerosis and an important factor in the early phase of arteriosclerosis.
1 C-reactive protein (CRP), an acute phase reactant and a biomarker of systemic inflammation, is associated with adverse cardiovascular outcomes. 2 There is also strong evidence that CRP is an independent predictor of increased cardiovascular risk, 3 supporting a role for CRP in CVD risk prediction.
4, 5
Smoking exposure, adiposity, and the use of oral contraceptives (OC) have been shown to be related to higher CRP levels in studies in adults. [6] [7] [8] [9] Raised CRP levels later in life reflect lifetime exposure to smoking as well as adiposity levels. 10 Further, sex differences in the association between CRP levels and other risk factors have been described. For example, leptin was shown to be associated with higher CRP levels in women but not in men, 11 while adiponectin was shown to be inversely associated with CRP in females. 12 Elevated CRP levels in smokers may contribute to the adverse effect of smoking on CVD risk, hence both smoking and CRP have been incorporated in the Reynolds Risk Score for women in CVD risk assessment, 13 as recommended by the American Heart Association. 14 Moreover, sex differences have been reported in the relationship between smoking and subclinical inflammation in adults.
smoking may be an increase in the catabolism of oestrogen. 19 To our knowledge, the potential interaction between smoking and OC use in relating to CRP levels in adolescence has not been studied.
To date, there is scant and inconsistent literature on the relationship between smoking exposure and CRP in adolescence. 20, 21 In view of the importance of understanding how cigarette smoking increases the long-term risk of cardiovascular disease, this populationbased study aimed to examine the effect of active smoking on high-sensitivity CRP (hs-CRP) levels, and the potential interactive effects of sex and OC use on this relationship in 17-yearold adolescents from the Western Australian Pregnancy Cohort (Raine) Study. Our primary hypothesis was that in this adolescent population, smoking increases CRP levels, and other factors such as sex and OC use modify this relationship.
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Demographic and socio-behavioural features
The active smoking status and other socio-behavioural features of the adolescents were assessed via a computer-based questionnaire. The adolescent was asked: "Have you ever smoked cigarettes in the past 12 months?" and "Have you smoked cigarettes in the past 4
weeks?", and the number of cigarettes consumed each day in the last 7 days were recorded.
Information of the use of OC was obtained from the question "In the last 6 months, have you taken any prescription medication(s), e.g., the Pills?" (if yes, "which medication(s), and are you still taking it?"). Participants were also asked about the amount (can, glass, stubby, nip, or standard drink) and type of alcoholic beverage (beer, wine or spirits) consumed in the past
week. An alcohol drinker was defined as consuming alcohol at any level in a drinking day during the last 7 days. The PWC 170 aerobic fitness test, that predicts physical working capacity at a heart rate of 170 beats per minute and has been validated in our study population, 23 was employed to measure physical fitness. From a 212-item food frequency questionnaire, "Healthy" and "Western" dietary patterns were identified using factor analysis with varimax rotation, and scores for each pattern were generated. 24 Annual family income was categorised as Australian dollars ≤ 35000, 35001 to ≤ 78000, and > 78000.
Blood biochemistry analysis and anthropometry measures
After an overnight fast, venous blood samples were obtained for the determination of glucose, insulin, total cholesterol, triglycerides, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, leptin, adiponectin, and hs-CRP, as reported previously. 25 Height was measured using a Holtain Stadiometer (nearest 0.1 cm), and body weight using a Wedderburn Chair Scale (nearest 100 g). After resting 5 minutes, supine blood pressure was recorded 
Early-life factors
Birth weight (in grams) was obtained from the medical records of the baby. Gestational age (in weeks) was computed from the date of the last menstrual period, unless there was discordance of more than 7 days with ultrasound measurements as of less than 18 weeks; in those cases, the estimate was based on ultrasound biometry at 18 weeks gestation.
Statistical analysis
A smoking yes/no variable was used to indicate current cigarette smoking, since fractional polynomials showed no additional effects on hs-CRP levels beyond smoking more than 1 cigarette (Supplemental Figure I) . Similarly, fractional polynomial analysis showed no effects on hs-CRP of additional consumption beyond 1 standard drink; hence the effect of alcohol consumption was analysed using a dichotomous yes/no variable. Given that OC use is an important factor in determining CRP levels in previous reports in adults, we created a threelevel sex variable (girls using OC, girls not using OC, and boys) to examine the effects of sex and OC use, as well as their interactions, on the relationship between smoking and hs-CRP.
Tobit regression models, which take into consideration the censored nature of data distribution, 26 were employed in all analyses, due to censored data as a result of the lower limit of the CRP assay. Hs-CRP values were log-transformed and hs-CRP values ≥ 10 mg/L, which are presumed to be the result of acute inflammation, were excluded in all analyses, based on recommendations by the American Heart Association. 3 Univariate tobit regression models assessing the relationship between cardiovascular risk factors and hs-CRP were initially adjusted for sex, and additionally adjusted for BMI.
Employing the whole adolescent sample, multivariable tobit regression models for the association between adolescent active smoking and hs-CRP were built, considering the potential confounding effects of BMI, alcohol consumption, dietary pattern scores, PWC 170 aerobic fitness score, family income, birth weight, and gestational age. In a backward stepwise process, non-significant factors were removed considering the effects on coefficients and p-values at each step. Likelihood ratio tests were performed after the removal of each variable to confirm that its exclusion had no impact on the model. Multivariable models examined potential interactions between the covariates and the three-level sex variable, which assessed the potential sex and OC use effect modification. A p value of <0.05 was used to maintain variables in the model.
Conventionally, BMI is used to measure adiposity effects on CRP in regression models, but given the known relationship between adipokines and CRP, in separate multivariable models, leptin and adiponectin, respectively, were added to the above final model to assess the independent effects of these cytokines on hs-CRP levels.
Stata version 12 (StataCorp, College Station, Texas) was used for analysis. Results are interpreted at p<0.05 significance level.
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Results
Of the 1248 adolescents that participated in the 17-year survey, 1050 had completed anthropometric, phenotypic and socio-behavioural data. Tables 1 and 2 describe the phenotypic and socio-behavioural features, and biochemistry, respectively, of the adolescents studied. Overall, 31.5% of the girls used OC, 51% of all adolescents were drinkers, 17% were smokers, and 12.5 % had hs-CRP levels in the range of 3 to 10 mg/L. Compared to the girls not using OC, a larger percentage of smokers (23% vs 18%) as well as a greater number of cigarettes smoked (14 vs 7) in the last 7 days were observed in the girls who used OC. Hs-CRP levels were significantly higher in girls than boys, and particularly in girls using OC (all p<0.001). There was no difference in the patterns of the relationship between smoking and BMI across the 3 adolescent groups (interaction p=0.561, OC using girls vs non OC girls; p=0.911, boys vs non OC girls).
In univariate models of the associations between individual socio-behavioural factors and hs-CRP (Table 3) , being male was associated with lower hs-CRP levels (p<0.001) compared to being female, whereas the use of OC in girls and smoking in all adolescents were associated with higher levels of log hs-CRP (all p<0.001).
Multivariable analysis showed a significant interaction between the three-level sex variable and smoking, indicating there was a significant difference between using or not using OC in the association of smoking with hs-CRP (interaction p=0.014, girls using OC and smoking vs girls using OC and not smoking; p=0.078, smoking boys vs non-smoking boys). Table 4 shows the effects of smoking on hs-CRP in the final multivariable model. In girls not using by guest, on November 10, 2017
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OC, smoking associated with a significant increase in log hs-CRP levels (b=0.571; p=0.001).
In contrast, in girls using OC, there was no significant effect of smoking on log hs-CRP (b=-0.117; p=0.598). In boys, there was a positive, albeit non-significant effect of smoking that is not as large as that seen in girls not using OC. In these models, BMI was significantly independently associated with higher log hs-CRP levels, with similar patterns of association in the 3 groups (as indicated by the non-significant interaction p=0.845, OC using girls vs non OC girls; and p=0.347, boys vs non OC girls). Further, OC use in non-smoking girls was the strongest factor independently associated with higher log hs-CRP levels (b=1.189; p<0.001). Figure 1 demonstrates that there was a significant difference in the linear prediction of log hs-CRP levels between smokers and non-smokers in girls not using OC; this was not clearly demonstrated in girls using OC or in boys.
Further adjustment for leptin in multivariable models showed that leptin was associated with higher log hs-CRP levels (b=0.009; p=0.001), independent of BMI as a measure of adiposity (Supplemental Table II ). Adjustment for leptin did not alter the coefficients of the smoking variables in the models. However, there was no independent association between adiponectin and log hs-CRP, with adjustment for BMI. In these models, there was no sex difference in the patterns of leptin or adiponectin in the relationship between smoking and hs-CRP.
Discussion
In a large well-phenotyped population of 17-year-olds, we have shown that smoking was significantly associated with higher hs-CRP levels in girls not using OC, but not in girls using OC or in boys. BMI was independently associated with higher hs-CRP levels in all adolescents, and OC use in non-smoking girls was the strongest factor associated with higher hs-CRP levels. To our knowledge, this is the most comprehensive study to date evaluating these associations in this age group, and the first to demonstrate that the effects of smoking on hs-CRP is more robust in girls than in boys.
OC use increases hs-CRP levels in adult women. 6 Studies in adolescents have shown a positive association between active smoking and hs-CRP, 20, 21 however they did not examine the potential interactions between sex and OC use on the smoking effects. In the present study, with over 30% of the girls using OC, we found that OC use in non-smoking girls was a strong determinant of higher hs-CRP levels. Further, we observed a clear-cut effect of smoking on hs-CRP in the girls not using OC. However, there was no effect of smoking on hs-CRP in the girls who smoked and used OC, even though the latter group smoked a larger number of cigarettes and the smoking rates in this group were higher. Changes in endocrine patterns with smoking and the potential anti-estrogenic effect of smoking 27 may help explain our findings of a modifying role of OC on hs-CRP levels in the present study. Smoking has been reported to enhance oestradiol metabolism in the liver, 19 and changes in adrenal metabolism by smoking 28 that leads to enhanced adrenal activity may contribute to an antiestrogenic effect of smoking on hs-CRP. The Reynolds Risk Score, of which both smoking and CRP are major components, has been validated and shown to significantly improve CVD risk discrimination particularly in women, 30 compared to the conventional Framingham-based CVD models which do not incorporate CRP. Given that even with smoking cessation CRP levels remain increased over 19 years, 31 and that CRP levels in childhood predict CRP in adulthood, 32 our novel finding of a predominant effect of smoking on hs-CRP levels in girls not using OC is important in this context. It has been reported that smoking exposure is more harmful to health in women than in men: e.g. female smokers were more vulnerable to colon cancer than male smokers, 33 and smoking in women was associated with 25% greater coronary heart disease risk compared with smoking in men. 34 In line with these reports and the present study, we have previously shown in this adolescent population that long-term passive smoking exposure was associated with lower levels of HDL-cholesterol in 17-year-old girls but not boys. 35 We observed higher levels of hs-CRP in girls using OC and also in girls not using OC, compared with boys, a finding which is consistent with most previous studies in adults 11 and adolescents 21 which showed higher levels of CRP in females compared with males. Some studies suggest that leptin levels may explain the sex difference in CRP levels. 11 In our study, by guest, on November 10, 2017
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However, we observed no impact of leptin on the sex-smoking interaction effects on hs-CRP.
Further, pubertal development may affect CRP levels differently between boys and girls, which could be due to the sex differences in adiponectin levels during puberty. 36 Nonetheless, in our study sample, of which 97% of the girls and 98% of the boys were post-pubertal (Tanner stages 4 or 5), we found no association between adiponectin and hs-CRP levels independently of BMI.
A strength of our study is that we employed data from a large population-based pregnancy cohort, with comprehensive anthropometric, phenotypic, and socio-behavioural information prospectively collected from 16-20 weeks gestation and over 17 years. Analyses examined the relationship between smoking and hs-CRP with adjustment for a variety of potential confounders including sex and OC use. Limitations of the study include the relatively small number of participants in some subgroups, which may have limited the detection of interaction effects. Smoking exposure was assessed from self-reporting and therefore could underestimate the smoking effect. However, to minimise potential reporting bias, the adolescents provided confidential smoking and other behavioural information via a computerbased structured questionnaire. Moreover, a large meta-analysis has shown high sensitivity and specificity in self-reporting for smoking exposure. 37 OC use was documented but we did not ascertain the type of OC used, therefore cannot be certain that the findings appertain to all varieties of these agents.
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Conclusion
In a large cohort of adolescents at 17 years of age, we have shown a more robust effect of smoking in girls that were not using OC on hs-CRP levels, compared with girls taking OC or boys. Our findings support the important role of CRP in CVD risk prediction, in particular CVD risk assessment in women. Given that both smoking behaviour and CRP levels track from childhood to adulthood, the findings help explain why CVD risk conferred by smoking is higher in women than in men. Table 2 Serum biochemistry features of the study samples 
